The initial rates of induced synthesis of tryptophanase, 3-galactosidase, and Dserine deaminase were measured in relation to the chromosome replication cycle of Escherichia coli B/r. Exponentially growing cultures were exposed briefly to 14C-thymidine or the appropriate inducers (or both), and the amount of label or enzyme (or both) in cells of different ages was found by measuring these quantities in their progeny. The rates of induced synthesis of the three enzymes increased abruptly at about 4, 20, and 34 min, respectively, after the start of a round of replication lasting 40 min. By matching this sequence to the ind, lac, and Dsdloci on the genetic map of E. coli K-12, it was estimated that replication began at about 8 o'clock (60 min) and proceeded clockwise. In rapidly growing cells, the sequence during the division cycle was consistent with the concept that rounds of replication overlapped.
Replication of the Escherichia coli chromosome
appears to begin at a single point on the genome and to progress sequentially around the continuous structure (4, 6, 17, 20) . Nagata (21) originally proposed that this point (the replication origin) is located at the site of integration of the F factor in Hfr strains and that it can be located at any site on the chromosome of Fstrains. However, in several recent reports, it has been suggested that the replication origin is independent of the integrated F factor in Hfr strains and that there is a fixed origin in Pstrains. By using generalized transduction with phage P1, Berg and Caro (3) found that the relative gene frequency in cultures of different, isogenic Hfr strains was the same, as would be expected if the origin and direction of replication were the same. Abe 10, 1967) located the origin by measuring the position at which replication was reinitiated in cells which had been starved of required amino acids or treated with phenethyl alcohol (1) to terminalize their chromosomes (17, 18) . The region of the genome in which 5-bromouracil was incorporated after these treatments, or after a single transfer to 5-bromouracil-containing medium (1) , was determined by infecting with Pi and measuring the frequency of transduction for various markers by phage of different densities isolated by gradient centrifugation. In several Hfr strains and Fstrains, the origin was estimated to be between 40 and 55 min (1) , 54 and 70 min (Wolf, Newman and Glaser), and 60 and 75 min (lla; Harriman) on the genetic map (28) . In each case, the results were consistent with a clockwise direction of replication, as were the experiments of Cutler and Evans (9) on synchronized cells. However, in one Hfr strain, the origin was located between 6 and 16 min on the genetic map with a counterclockwise direction of replication (Wolf, Newman, and Glaser, in press). These results indicate that the replication origin is not necessarily associated with the integrated F factor in Hfr strains, it is located at a fixed site on the genome of some P-strains, and it is frequently, but not always, in the 6 to 9 o'clock quadrant of the map with a clockwise direction of replication.
The sequence of chromosome replication has also been investigated by measuring mutation induction during the division cycle. Ryan and Cetrulo (26) found maximal reversion of a guanine-requiring Hfr strain by 2-aminopurine early in the division cycle of synchronized cells, but they did not determine an origin, since the age at initiation was not known. Genetic maps of Staphylococcus aureus (2) and Bacillus megaterium (27) have been determined in this way by measuring the frequency of mutation induction with nitrosoguanidine and ultraviolet light, respectively, during synchronous growth.
Since the results of mutation experiments with E. coli B/r were equivocal, I used an alternative application of this approach to investigate the origin and sequence of replication in this organism. The rate of synthesis of an enzyme is reported to be related to the number of copies of its structural gene in the cell (10, 15, 25) , and it has been suggested that abrupt increases in the rates of induced enzyme synthesis are consequences of the duplication of the relevant structural genes during chromosome replication (11, 16, 19) . Donachie and Masters (11) found periodic increases in enzyme inducibility during synchronous growth of F-strains of E. coli and concluded that there is a fixed origin of replication on the chromosomes of E. coli strains which do not contain an integrated F factor.
If a sudden increase in capacity for induced synthesis of an enzyme reflects the replication of its structural gene, then the origin and direction of replication can be determined by measuring the sequence in which the capacities for induced synthesis of different enzymes increase during a round of chromosome replication. The membrane-elution procedure (12) was used to measure the initial rates of induced synthesis of tryptophanase, #3-galactosidase, and D-serine deaminase in relation to the chromosome replication cycle of E. coli B/r. Based on these experiments, the origin and sequence of chromosome replication were estimated.
MATERIALS AND METODS
Bacteria and growth conditions. The organism used was E. coli B/r (ATCC 12407). The minimal salts medium (12) contained glucose, glycerol, or sodium succinate at 1 g per liter as carbon source, and Casamino Acids (Calbiochem, Los Angeles, Calif.) was added at 0.2% final concentration when required. Incubation procedures were as described in the preceding paper (14) . 10-3 ML-tryptophan and 10--to 10-M D-serine. The results of experiments with inducer concentrations within these ranges were essentially the same except that, at some of the lower concentrations, the rates of induced enzyme synthesis changed less dramatically and, at some of the higher concentrations, extensive washing was required to stop induction.
Radioactivity. The rate of thymidine incorporation during the division cycle was determined by pulselabeling an exponentially growing culture with 14C( thymidine (35 mc/mmole, New England Nuclear Corp., Boston, Mass.) and measuring the radioactivity in the newborn cells formed subsequent to the labeling period as described previously (12, 13) .
Experimental procedure. A 100-ml culture containing 108 cells/ml in exponential growth was briefly exposed to an inducer or '4C-thymidine (or both) and filtered by suction onto a grade GS membrane filter (152-mm diameter; Millipore Corp., Bedford, Mass.). The binding and elution procedure has been described previously (12) . After the culture was bound to the membrane, the cells were washed by passing 100 ml of conditioned medium (13) through the filter. The filter assembly was then inverted, samples of the effluent were collected consecutively, and 0.1 ml was removed for measurement of the bacterial concentrations with a model B counter (Coulter Electronics, Inc., Hialeah, Fla.). For measurement of ,8-galactosidase activity, 1.0 ml of the effluent was removed from each sample after all samples had been collected and mixed with a drop of toluene; the remainder was either discarded or precipitated with cold 5% trichloroacetic acid for measurement of 14C-thymidine content. For measurement of tryptophanase or D-serine deaminase activity, chloramphenicol was added at 100 jug/ml, and the entire sample (after removal of 1.0 ml for measure- 
RESULTS
Induction of ,3-galactosidase during the division cycle. The initial rate of induced enzyme synthesis during the division cycle of E. coli B/r was determined by briefly exposing an exponentially growing culture to an inducer and measuring enzyme activity in cells born subsequent to the exposure. The newborn cells were obtained by filtering the population onto the surface of a membrane filter and eluting the membrane continuously with conditioned medium. Figure 1 shows 3-galactosidase activity per effluent cell after exposure of glycerol-grown cells to IPTG for 2 min. Elution time increases from right to left in the figure, so that cell age increases from left to right (top of the figure) between the pairs of vertical broken lines which indicate generations of elution. The amount of ,B-galactosidase formed VOL. 95, 1968 by brief exposure to the inducer doubled early in the division cycle.
Induction of j3-galactosidase during the chromosome replication cycle. Since the cell age at which chromosome replication is initiated depends on the growth rate, the relationship between the stepwise increase in rate of induced enzyme synthesis and the chromosome replication cycle is not immediately apparent from the data in Fig. 1 . This relationship, for cells growing at various rates, is shown in Fig. 2 . At each growth rate, there was a stepwise increase in the initial rate of induced synthesis of 3-galactosidase in each A culture growing in glycerol minimal medium was exposed to 10-3 M IPTG for 2 min, filtered onto a membrane filter, washed with 100 ml of minimal medium to remove the inducer, and eluted with conditioned medium after the membrane was inverted. The elution rate was 7.5 ml/min and samples were taken consecutively at 2-minz intervals. Vertical broken lines correspond to the peaks and the midpoints ofdecreases in the concentration ofcells during elution. These represent alternative methods for determining generation time (cell age) as describedpreviously (13 (12) . At all growth rates, the inducibility of 3-galactosidase increased in the middle of a round of chromosome replication.
Sequer.ce of induced enzyme synthesis. Figure  3 shows the capacity for induced synthesis of tryptophanase, f-galactosidase, and D-serine deaminase during a round of chromosome replication in glycerol-grown E. coli B/r. The initial rates of induced synthesis of the three enzymes increased abruptly near the beginning, middle, and end, respectively, of the chromosome repli- Cultures growing exponentially at various rates were exposed to 103 M IPTG and 0.02 .Ac of14C-thymidine per ml as follows: glucose-Casamino Acids (25 min generation time), 4-min exposure, 3.5 ml/min elution rate, and 1-min sampling interval; glucose (40 min), 10-min exposure, 2.5 ml/min elution rate, and 2-min sampling interval; glycerol (52 min), 8- Origin and sequence of chromosome replication.
The results indicate a precise relationship between the capacity for induced enzyme synthesis and the chromosome replication cycle, suggesting a fixed origin and direction of replication in E. coli B/r. If it is assumed that the rate of induced synthesis of an enzyme increased abruptly at the moment its structure gene replicated, then the origin and direction of replication can be determined by comparing these data to the genetic map of E. coli. In Fig. 4 , the replication map of E. coli B/r is given at the top; it is shown in relation to the genetic map of E. coli K-12 (28) (29) . In cells in which rounds of chromosome replication overlap, the sequence of gene replication and, consequently, the sequence of increases in enzyme inducibility should be different from the sequence on the genome itself. A sequence of tryptophanase (T), 13-galactosidase (G), and D-serine deaMinase (S) obtains as long as each round of chromosome replication is initiated after completion of the (3) oTime intervals between the pairs of events were determined in a series of separate experiments. Each value is the average of the number of experiments shown in parentheses.
b Start of a round of chromosome replication. c Determined by the peak-to-peak measurement of division time (Fig. 1) . previous round. The sequence during the division cycle would be TGS, GST, or STG, depending on the cell age at initiation of replication. If new rounds of replication begin before the previous round has ended, the sequence of replication would be altered. Since T maps 4 min from the origin and S maps 7 min from the terminus, the enzyme sequence would be altered in cells in which rounds overlap by 11 min or more. Since the time for a round of replication is 41 min (7), T Synchronization, 1967) . In this report, the replication origin was mapped in the same general area of the genome by using an entirely different experimental technique. Thus, evidence is accumulating that there is a fixed origin in both Hfr and F strains, and that it is often in the 6 to 9 o'clock segment of the circular map. However, the origin can be located in other regions of the genome, and there remains the possibility of an association between the origin and the integrated F factor in some strains (3; Wolf, Newman, and Glaser, J. Mol. Biol., in press).
The coordination between chromosome replication and cell division in E. coli B/r can be described as follows: replication is initiated at a fixed point on the genome (8 o'clock); the replication point traverses the length of the chromosome (40 min or longer); and, when it reaches the terminus, a sequence of events is triggered culminating in cell division (20 min or longer). In this way, the rate of cell division is coupled to the frequency of initiation. The regulation of this process is the subject of a subsequent report (Helmstetter, In each experiment the elution rate and sampling interval were 2 ml/min and 1.5 min, respectively. A decrease in rate of thymidine incorporation was not observed, so that the end of a round of replication could not be determined. The rounds of replication are drawn on the basis of the finding that the time for a round is about 41 min in cells growing at this rate (7, 13) . The markers, T, G, and S, are placed on the chromosome cycles from the data in Table I and Fig. 4 . The midpoints ofincreases in enzyme synthesis are indicated and extended to the chromosome cycle to enable comparison between these events and the presumed time when these loci were replicated. 1640
